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Supporting Information 
 
Enclosed are seven figures and three tables provided as additional information supporting 
our manuscript. The feitknechtite spectra in Figure S2 is derived from Manceau et al.1 
and was used in linear combination least-squares fitting routines as a component in 
Figure 2a,b, and Figure 3a,b,c and Table S2. Spectra used in Table S1 for transform 
targets in the ‘library analysis’ function in the SixPack PCA module include several 
spectra from published works: a feitknechtite spectra, groutite, Mn(III)-pyrophosphate, 
Mn(III)-PO4, Mn(III)-acetyl acetonate, Mn(III)-phthalocyanine chloride, Mn(III)-tetra(4-
pyridyl)-porphine chloride, and a hausmannite spectra were acquired from the collection 
of Bargar et al.2 and another feitknechtite spectra and a manganite standard from 
Manceau et al.1 Other spectra labeled ‘Webb’ are from the collection of co-author Samuel 
Webb, and all non-labeled spectra in Figure S1 are from reference compounds run by the 
Fischer lab. 
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Table S1 – Target transform results using 2-4 principal components produced from experimental data. Number of components used 
was designated following Webb (2005) and standard spectra were produced internally or acquired from Bargar et al (2000) and 
Manceau et al (2012); see main and SI text for further details.  
 
Target Transforms High-Phosphate   High-Lactate   Limited-Lactate 
  Chi Sq R val SPOIL   Chi Sq R val SPOIL   Chi Sq R val SPOIL 
d-MnO2_Tebo/Webb_tr 0.24439 0.00051 4.156   0.14725 0.00031 3.8653   0.05921 0.00012 2.6407 
Birnessite_Webb_tr_exafs 0.54548 0.00126 9.3535   0.51074 0.00118 13.849   0.86548 0.002 15.9141 
Na_Birnessite_Webb_tr_exafs 1.13824 0.00259 13.5309   0.86506 0.00197 13.023   1.54366 0.00352 23.319 
HighLactateExp_t0 0.06445 0.00014 2.2271   0.01097 2.50E-05 0.8187   0.0488 0.00011 2.8414 
Mn2O3_std_fl 1.16416 0.0029 15.1831   0.99049 0.00247 12.0216   1.16468 0.0029 11.6983 
Mn2O3_aldr_Bargar_tr 1.32654 0.00309 14.2963   0.57081 0.00133 13.0933   1.38561 0.00323 22.2734 
Feitknechtite_Webb 1.05672 0.00248 14.1984   0.83687 0.00196 18.4609   1.30236 0.00306 17.6598 
Feitknechtite_Bargar 1.02622 0.00258 13.4542   0.86363 0.00217 7.1062   0.63359 0.00159 6.0527 
Feitknechtite_Manceau 2.77742 0.0057 24.1039   0.7561 0.00155 5.1325   2.4813 0.00509 18.3735 
Manganite_Manceau 2.03038 0.00424 19.9353   0.72389 0.00151 6.8275   2.05002 0.00428 21.6447 
Groutite_Bargar_fl 0.75927 0.00184 12.3386   0.69236 0.00168 12.3661   0.81555 0.00198 11.0273 
Mn(III)Pyrophosphate_Bargar_exafs_fl 3.77452 0.00846 23.3476   1.85164 0.00415 18.3326   3.51896 0.00789 34.6759 
Mn(III)PO4_Bargar_exafs_fl 2.7878 0.00636 21.4538   1.91744 0.00437 18.8629   2.42543 0.00553 30.0483 
Mn(III)-acetyl_acetonate_Bargar 1.87486 0.00443 18.5945   1.38925 0.00328 16.175   1.7608 0.00416 22.2113 
Mn(III)-phthalocyanine_chloride_Bargar 2.0849 0.00493 19.2993   2.34758 0.00555 22.6425   2.40509 0.00569 18.3096 
Mn(III)-tetra(4-pyridyl)porphine_chloride_Bargar 1.56972 0.00369 17.9579   1.62538 0.00382 26.9365   1.49135 0.00351 22.6772 
Mn3O4_std_fl 4.82718 0.01158 41.3382   5.54846 0.01331 40.7169   5.95683 0.01429 15.5281 
Hausmannite_Bargar_tr 2.2281 0.00539 26.4205   2.81997 0.00682 44.441   3.31315 0.00801 17.7647 
Kutnohorite_fl 8.49254 0.01697 56.426   1.55534 0.0031 13.2863   13.43187 0.02685 22.8482 
Rhodochrosite_fl 5.81557 0.01286 55.7167   0.38338 0.00084 7.4006   10.33189 0.02285 22.4585 
Reddingite_fl 3.47194 0.00705 41.7114   4.88839 0.00993 66.4772   8.08386 0.01643 16.0597 
Hurealite_fl 1.23116 0.00254 23.7301   2.74982 0.00567 43.2725   4.96101 0.01024 12.4062 
 S4 
MnCl2_Webb 0.90194 0.00182 16.7295   0.32255 0.00065 8.2086   2.71713 0.0055 8.4874 
HighLactateExp_t12_Rh+Mnaq 4.98547 0.01043 45.0834   0.00274 5.75E-06 0   9.25372 0.01937 19.9837 
HighPO4exp_t9_Mn(II)phosphate 0.02529 5.43E-05 3.0903   0.82836 0.00178 18.3224   2.16715 0.00465 8.7573 
SulfideExp_t17_aqMn(II) 1.19193 0.00254 22.3788   0.03545 7.56E-05 2.4931   0.62045 0.00132 4.889 
 
Target Transforms Sulfide   Iron (all spectra grouped) 
  Chi Sq R val SPOIL   Chi Sq R val SPOIL 
d-MnO2_Tebo/Webb_tr 0.06666 0.00014 2.1078   0.1242 0.00026 2.2736 
Birnessite_Webb_tr_exafs 0.52005 0.0012 14.8551   0.61357 0.00142 10.8944 
Na_Birnessite_Webb_tr_exafs 0.73738 0.00168 9.1222   1.04295 0.00237 6.6818 
HighLactateExp_t0 0.01624 3.71E-05 1.5442   0.01903 4.34E-05 1.004 
Mn2O3_std_fl 1.26969 0.00316 22.0939   1.32152 0.00329 13.6772 
Mn2O3_aldr_Bargar_tr 0.78092 0.00182 7.8261   1.14405 0.00266 7.1108 
Feitknechtite_Webb 0.51002 0.00119 5.7557   1.13087 0.00265 8.3761 
Feitknechtite_Bargar 1.34964 0.00339 29.9618   1.05905 0.00266 5.1002 
Feitknechtite_Manceau 0.5237 0.00107 3.0778   1.44737 0.00297 2.7679 
Manganite_Manceau 0.42874 0.00089 3.3775   1.16309 0.00243 3.0438 
Groutite_Bargar_fl 0.70428 0.00171 11.9464   0.94638 0.0023 16.5227 
Mn(III)Pyrophosphate_Bargar_exafs_fl 2.57465 0.00577 9.3805   3.46747 0.00777 9.303 
Mn(III)PO4_Bargar_exafs_fl 2.44246 0.00557 17.6551   2.69776 0.00615 20.2823 
Mn(III)-acetyl_acetonate_Bargar 1.77367 0.00419 19.5925   1.91449 0.00453 22.5509 
Mn(III)-phthalocyanine_chloride_Bargar 2.54051 0.00601 36.1575   2.14675 0.00507 6.6515 
Mn(III)-tetra(4-pyridyl)porphine_chloride_Bargar 1.6434 0.00387 36.4495   1.57413 0.0037 17.2349 
Mn3O4_std_fl 5.9775 0.01434 69.059   5.93685 0.01425 11.6931 
Hausmannite_Bargar_tr 2.65017 0.00641 20.6758   3.1621 0.00765 30.5564 
Kutnohorite_fl 7.5747 0.01514 8.6265   9.31584 0.01862 7.0867 
Rhodochrosite_fl 5.10019 0.01128 7.1851   6.04941 0.01338 4.5523 
 S5 
Reddingite_fl 6.19303 0.01259 28.9779   6.47213 0.01315 8.9191 
Hurealite_fl 3.57111 0.00737 31.1385   3.94031 0.00813 9.2988 
MnCl2_Webb 0.78002 0.00157 5.7599   1.08487 0.00219 3.7292 
HighLactateExp_t12_Rh+Mnaq 4.22171 0.00883 6.9807   5.4883 0.01149 5.4441 
HighPO4exp_t9_Mn(II)phosphate 1.17357 0.00252 17.3768   1.49152 0.0032 8.2597 
SulfideExp_t17_aqMn(II) 0.02333 4.97E-05 1.1791   0.06574 0.00014 1.4262 
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Table S2 – Linear combination least-squares fitting results from each spectra shown in Figures 2 and 3. Components were determined 
using PCA analyses and target transform results. See text for more details. 
 
Experiment Spectra Component 1 Component 2 Component 3 Component 4 r factor 
Phosphate 
Experiment   
Mn(IV) 
[t0_int] 
Mn(II)-
phosphate 
[tfinal_int]       
  t0 1       1.91E-21 
  t1 0.92 0.08     5.67E-04 
  t2 0.82 0.18     2.74E-04 
  t3 0.71 0.29     3.78E-04 
  t4 0.63 0.37     1.47E-03 
  t5 0.38 0.62     4.90E-04 
  t6 0.24 0.76     1.23E-03 
  t7 0.11 0.89     4.10E-04 
  t8 0.04 0.96     1.28E-04 
  t9 0 1     4.44E-21 
High Corg Experiment   
Mn(IV) 
[t0_int] 
Mn(III)                         
[Manceau feit] 
Mn(II) [t17 in 
sulfide exp] 
Rh+Mnaq 
[tfinal_int]   
  t0		 1	 		 		 		 0.00E+00	
  t1	 0.81	 0.1	 0.09	 		 6.96E-05	
  t2	 0.67	 0.03	 0.3	 		 2.49E-04	
  t3	 0.49	 0.16	 0.35	 		 1.10E-04	
  t4	 0.25	 0.35	 0.4	 		 2.45E-04	
  t5	 0.07	 0.38	 0.54	 		 4.78E-04	
  t6	 0.07	 0.26	 0.67	 		 1.42E-04	
  t7	 0.08	 0.12	 0.8	 		 3.28E-05	
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  t8	 		 0.16	 0.84	 		 4.00E-04	
  t9	 		 		 0.73	 0.27	 1.95E-03	
  t10	 		 		 0.52	 0.48	 4.62E-04	
  t11	 		 		 0.24	 0.76	 1.73E-04	
  t12	 		 		 		 1	 3.73E-05	
Limited Corg 
Experiment   
Mn(IV) 
[t0_int] 
Mn(III)                         
[Manceau feit] 
Mn(II) [t17 in 
sulfide exp]     
  t0	 1	 		 		 		 0.00E+00	
  t1	 0.68	 0.22	 0.1	 		 5.63E-04	
  t2	 0.61	 0.26	 0.14	 		 4.29E-04	
  t3	 0.50	 0.22	 0.29	 		 5.77E-04	
  t4	 0.43	 0.2	 0.37	 		 4.49E-04	
  t5	 0.33	 0.24	 0.42	 		 5.84E-04	
  t6	 0.18	 0.3	 0.52	 		 7.41E-04	
  t7	 0.14	 0.25	 0.61	 		 4.02E-04	
Sulfide Experiment   
Mn(IV) 
[t0_int] 
Mn(III)                         
[Manceau feit] 
Mn(II) [t17 in 
sulfide exp]     
  t0 1	 		 		 		 0.00E+00	
  t1 0.89	 0.11	 		 		 1.32E-04	
  t2 0.85	 0.08	 0.07	 		 4.07E-05	
  t3 0.79	 0.1	 0.11	 		 3.79E-05	
  t4 0.75	 0.12	 0.14	 		 5.05E-05	
  t5 0.64	 0.21	 0.16	 		 1.22E-04	
  t6 0.56	 0.21	 0.24	 		 8.02E-05	
  t7 0.56	 0.16	 0.28	 		 2.74E-04	
  t8 0.37	 0.29	 0.34	 		 2.93E-04	
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  t9 0.31	 0.32	 0.37	 		 3.56E-04	
  t10 0.34	 0.18	 0.48	 		 2.52E-04	
  t11 0.26	 0.24	 0.5	 		 1.14E-04	
  t12 0.23	 0.24	 0.54	 		 1.31E-04	
  t13 0.15	 0.23	 0.62	 		 1.03E-04	
  t14 0.06	 0.22	 0.72	 		 2.64E-05	
  t15 		 0.17	 0.83	 		 4.68E-04	
  t16 		 0.07	 0.93	 		 2.80E-04	
  t17 		 		 1	 		 0.00E+00	
Ferrous Iron - 
Complete Reduction   
Mn(IV) 
[t0_int] 
Mn(III)                         
[Manceau feit] 
Mn(II) 
[tfinal_int]     
  t0 1	 		 		 		 5.02E-21	
  t1 0.7	 0.23		 0.08	 		 2.02E-04	
  t2 0.27	 0.12	 0.61	 		 1.35E-04	
  t3 0.07	 		 0.93	 		 7.97E-05	
  t4 		 		 1	 		 0.00E+00	
Ferrous Iron - Partial 
Reduction   
Mn(IV) 
[t0_int] 
Mn(III)                         
[Manceau feit] 
Mn(II) [t17 in 
sulfide exp]     
  t0 1	 		 		   1.05E-21	
  t1 0.72	 0.24	 0.05	   5.19E-04	
  t2 0.68	 0.17	 0.15	   1.64E-04	
  t3 0.55	 0.16	 0.29	   1.22E-04	
  t4 0.37	 0.24	 0.39	   1.95E-04	
  t5 0.30	 0.22	 0.49	   2.00E-04	
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Table S3 – Solution data of aqueous Mn2+ acquired from ICP-MS measurements at key 
points in 2 microbial experiments [high-phosphate and low-phosphate] and 2 abiotic 
experiments [ferrous iron and sulfide] observing the reduction of colloidal MnO2. All 
began with the same media conditions and 20 mM lactate. Two values are given if 
replicate experiments were performed and measured for Mn(II) concentration. Reaction 
times are variable in experiments with MR-1 and this replicate high-lactate experiment 
had a much slower reaction rate; therefore, pH of solution is also shown to make 
reactions more comparable. 
 
High-Phosphate Exp   
Time post-innoculation (hrs) Mn2+ (µM) 
1.02 110; 114 
2 191; 193 
2.33 233, 125 
2.67 184, 255 
3.92 106; 153 
6.9 110, 91 
Low-Phosphate Exp   
Time (hrs) pH  Mn2+ (µM) 
4 8.4 314 
7-7.5 8.7 407 
8 8.6 577 
24 8.4 1026 
Sulfide Exp   
Na2S Added (mM) Mn2+ (µM) 
1 197; 260 
2.13 830; 819 
3.2 925, 1009 
Iron Exp   
FeCl2 added (mM) Mn2+ (µM) 
2 533; 245 
4 959; 1045 
6 1268; 1787 
6.75 1248; 1988 
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Figure	 S1	 –	 Control	 reaction,	 showing	 >	 5	 hours	 of	Mn	 X-ray	 absorption	 spectra	with	colloidal	MnO2	and	20	mM	lactate	are	in	solution.	Unchanging	spectra	indicate	that	there	is	no	perceptible	abiotic	reaction	between	colloidal	MnO2	and	lactate	in	a	multi-hour	time	frame	and	no	clear	X-ray	beam	reduction	of	manganese.								
Figure	S2	(below)	–	Initial	colloidal	MnO2	XAS	spectrum	and	product	spectra	from	high-phosphate	 and	 low-phosphate	 reduction	 experiments	 by	 MR-1	 and	 product	spectrum	from	sulfide-MnO2	reaction.	For	comparison,	reference	spectra	are	shown	above	 sample	 spectra.	 Also	 plotted	 is	 feitknechtite	 used	 in	 fitting	 routines;	feitknechtite	spectrum	was	acquired	from	Manceau	et	al.	(2012).	
	
6540    6550    6560        6570     6580   6590     6600
Energy (eV)
Re
la
tiv
e 
A
bs
or
pt
io
n
	 S11	
	
Initial colloidal 
MnO2
MnSO4 (aq) 
Mn2+ - sulfide exp 
final spectrum 
Birnessite 
Reddingite
Hureaulite 
high PO4 
product 1-30-15
high PO4 
product 3- 6-15
Feitknechtite 
Rhodochrosite
high lactate
product 3-8-15
high lactate
product 11-26-13
δ-MnO2
Energy (eV)
	 S12	
	
Figure	S3	–	Raman	spectral	comparison	of	Mn(II)-phosphate	standards	(hureaulite	and	 reddingite)	 and	 product	 of	 manganese	 oxide	 reduction	 under	 4.3	 mM	phosphate	 conditions	 by	 MR-1	 using	 lactate	 (20	 mM).	 Product	 best	 matches	hureaulite	in	the	largest	Raman	peak,	although	hureaulite	is	not	a	perfect	fit.		
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Figure	S4	–	X-ray	diffraction	data	comparing	manganese	standards	to	the	final	crystalline	product	of	manganese	oxide	reduction	by	MR-1	using	lactate	(20	mM)	under	low-phosphate	conditions.			
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Figure	S5	–	X-ray	diffraction	data	of	solid	filtrates	throughout	manganese	oxide	reduction	by	MR-1	using	lactate	(20	mM).	Diffractogram	of	rhodochrosite	(MnCO3)	shown	above	data	in	gray	for	comparison,	and	corresponding	filter	photos	and	time	of	extraction	shown	on	right.	
	
1.5 2 2.5 3 3.5 4
8.6
7.6
6.6
5.6
5.1
4.6
4.1
3.6
3
2.6
2
1.1
Q (A-1)
Re
la
tiv
e 
In
te
ns
ity
Time
(hrs)Filter
MnCO3
	 S15	
	
Figure	S6	–	Iron	spectra	corresponding	to	manganese	XAS	spectra	shown	in	Figure	3b.	All	iron	added	appears	to	be	oxidized	to	Fe(III)	oxides	in	<	30	minutes	(time	of	Mn-Fe	spectrum)	and	these	iron	spectra	appear	a	visual	match	for	lepidocrocite.	
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Figure	S7	–	X-ray	diffraction	data	from	SR-XRD	of	filter	taken	in	ferrous	iron	experiment	shown	in	Figure	3b.	XRD	signal	best	matches	lepidocrocite	and	does	not	appear	similar	to	a	goethite	standard.	
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